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Research  Report 

In  the  second  year  of  this  project,  we  have  continued  to  analyze  the  effects  of 
newly  described  neurotoxins  on  voltage-sensitive  sodium  channels  in  mammalian 
neurons,  developed  a  panel  of  monoclonal  antibodies  against  sodium  channels  of 
mammalian  neurons,  and  prepared  site-directed  antisera  against  several  defined  segments 
of  the  sodium  channel. 

A.  Neurotoxin  Action  on  Sodium  Channels 

1.  Site  and  Mechanisms  of  Action  of  Goniopora  Toxin. 

The  results  on  the  site  and  mechanism  of  action  of  Goniopora  toxin  on  sodium 
channels  described  in  last  year’s  Annual  Report  (October  14, 1935)  were  completed  and 
have  now  been  published  in  Molecular  Pharmacology. 

2.  Inhibition  of  Sodium  Channels  bv  u-Conotoxins. 

Most  species  belonging  to  the  gastropod  family  Conidae  use  venoms  in  the 
capture  of  prey  organisms.  Among  them.  Conus  geographus  is  most  toxic  to  vertebrates 
and  has  been  responsible  for  human  fatalities  (3).  The  venom  of  C.  geoeraphus  causes 
complete  loss  of  contractile  responses  of  skeletal  muscles  (4-6).  Recendy,  three  classes 
of  pepdde  toxins  have  been  isolated  and  their  structures  determined.  Conotoxins  GI, 

GIA  and  GII  are  blockers  of  nicotinic  acetylcholine  receptors  (7);  co-conotoxin  blocks 
neuronal  calcium  channels  (8, 9);  and  geographutoxins  (GTX)I  and  II  (10, 1 1),  also 
called  n-conotoxins  (12),  have  the  novel  action  of  blocking  sodium  channels  in  muscle 
much  more  effectively  than  those  in  nerve  (12,  14).  Our  results  show  that  this  novel 
action  may  be  mediated  by  interaction  of  the  peptide  toxin  with  the  tetrodotoxin/saxitoxin 
receptor  site  on  the  sodium  channel  providing  the  first  evidence  that  toxins  can 
distinguish  between  the  tetrodotoxin/saxitoxin  receptor  sites  on  nerve  and  muscle  sodium 
channels. 

Concentration  dependence  of  inhibition  of  muscle  contraction  bv  GTX II.  The 
primary  structure  of  the  novel  polypeptide  toxin  GTX  II  is  illustrated  in  Figure  1.  The 
presence  of  three  hydroxyproline  residues  and  6  cysteine  residues  in  disulfide  bonded 
form  within  the  22  residue  sequence  distinguish  the  structure  GTX  II  and  its  congeners 
(10-12)  from  other  polypeptide  toxins  that  have  been  characterized.  In  order  to  make  a 
quantitative  estimate  of  Ko.5  values  for  inhibition  of  muscle  contraction  by  GTX  n,  the 
effects  of  a  range  of  toxin  concentrations  on  contractile  responses  of  rat  and  rabbit 
diaphragm  muscle  to  direct  electrical  stimulation  were  measured.  The  resulting 
concentration-effect  curves  (Figure  2)  show  that  GTX  II  inhibits  contr.'ction  in  rat  and 
rabbit  muscle  with  Ko.5  values  of  60  nM  and  50  nM,  respectively.  These  values  are 
similar  to  the  apparent  Kd  of  52  nM  measured  for  block  of  muscle  sodium  channels  in 
planar  bilayers  by  the  related  conotoxin  GIIIA  by  Cruz  et  al  (12).  These  indirect 
estimates  of  toxin  binding  affinity  in  physiological  assays  provide  a  standard  of 
comparison  for  direct  binding  studies. 

Site  of  GTX  II  action.  Of  the  numerous  neurotoxins  that  act  on  sodium  channels, 
only  tetrodotoxin  and  saxitoxin  block  sodium  channels  rapidly  and  reversibly  as  observed 
for  GTX  II  and  its  congeners  (12-14).  Moreover,  inhibition  of  batrachotoxin- activated 
sodium  channels  by  GTX  II  is  voltage-dependent  (12)  as  for  saxitoxin  and  tetrodotoxin. 
These  similarities  suggest  the  possibility  that  GTX  II,  tetrodotoxin  and  saxitoxin  may  act 
at  the  same  receptor  site. 
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Previous  studies  hive  shown  that  tetrodotoxin  and  samaria  bind  at  a  common 
receptor  site  on  ««<"""  channels  that  has  been  designated  nearaaont  receptor  ate  1 
(reviewed  in  2, 13, 14).  Measurement  of  specific  binding  of  [3H}aoritoxin  provides  a 
direct  measure  of  ,  toxin  interaction  with  that  site  (2, 13, 14).  Figure  3  illustrates  the 
inhih-rinw  of  specific  saxi toxin  binding  to  neurotoxin  receptor  site  1  on  sodium  channels 
in  a  total  rat  muscle  homogenate  or  in  purified  rabbit  transverse  tubules.  [3H]  saxi  toxin 
binding  is  blocked  completely  with  hau-tr  ndmal  inhibition  at  60  &M  in  whole 
homogenate  and  33  nM  in  purified  transverse  tubules.  These  Kqj  values  are  similar  to 
those  for  inhibition  of  muscle  contraction  in  agreement  with  the  conclusion  thalGTX  n 
inhibits  sodium  channels  through  interaction  with  neurotoxin  receptor  site  1. 

The  dependence  of  [3H]  saxitoxin  binding  on  free  toxin  concentration  in  the 
presence  and  absence  of  50  oMGTX  II  illustrated  in  Figure  4A.  Specific  binding  was 
determined  from  the  difference  between  total  binding  and  the  fined  line  for  nonspecific 
binding  measured  in  the  presence  of  2  pM  tetrodotoxin.  Scarehud  analysis  showed  that 
saxi  toxin  binds  to  a  single  class  of  high  affinity  receptor  sites  with  Kd  *  9.3  nM  at  36°. 
GTXII  (50  nM)  increased  the  Kd  for  [3H]saxitoxin  from  93  to 253  nM.  The  maximal 
binding  capacity  was  slightly  reduced  from  300  to  240  frnotymgproiein.  These  results 
indicate  a  primarily  competitive  mode  of  interaction  between  GDC  II  and  saxitoxin 
consistent  with  interaction  of  GTX  Q  at  neurotoxin  receptor  site  1  with  Kd  values  of  24 
nM  and  35  nM  for  sodium  channels  in  T- tubules  or  homogenates,  respectively,. 

Tissue  specificity  of  GTX  II  binding  at  neurotoxin  receptor  site  1.  The 
physiological  effects  of  GTX  II  and  its  congener  conotoxin  GI3IA  on  sodium  channels 
arc  highly  tissue  specific.  No  inhibition  of  batrachotoxin-acrivtted  sodium  channeir,  from 
brain  membranes  incorporated  into  planar  lipid  bilayers  is  observed  at  1  pM 
(unpublished  observations).  Figure  5  illustrates  the  effect  of  GTX  n  on  [3 H] saxitoxin 
binding  to  rat  brain  synaptosomes  and  rabbit  superior  cervical  ganglion  membranes. 
Saxitoxin  binding  to  these  neuronal  membrane  preparations  is  unaffected  by  35  nM  GTX 
H,  a  concentration  which  gives  50%  inhibition  of  toxin  binding  id  muscle  membranes. 
Higher  concentrations  of  GTX  II  inhibit  saxitoxin  binding  to  symptosomes  with  an  EC50 
of  2  pM,  but  reduce  binding  to  superior  cervical  ganglion  membrane  only  10%  at  10 
pM.  These  results  show  that  the  marked  tissue  specificity  in  the  actions  of  GTX  II  and 
conotoxin  GEHA  may  derive  from  marked  differences  in  toxin  binding  affinity  at 
neurotoxin  receptor  site  1  on  the  sodium  channel. 

Three  other  neurotoxin  receptor  sires  associated  with  the  sodium  channel  have 
been  defined  in  neurotoxin  binding  studies  in  synaptosomes  and  other  neural  tissues 
(reviewed  in  1, 13).  We  have  examined  GTX  0  interaction  with  two  of  these.  GTX  II 
has  no  effect  on  binding  of  [3H]BTX-B  to  neurotoxin  receptor  sire  2  at  concentrations 
ranging  from  10  nM  to  10  pM  (data  not  shown).  Similarly,  GTX  II  has  no  effect  on 
binding  of  125l-labeled  scorpion  toxin  to  neurotoxin  receptor  sire  3  over  the  same 
concentration  range  (data  not  shown). 

GTX  II  acts  at  neurotoxin  receptor  sire  1  on  the  sodium  channel.  Our  results 
provide  strong  evidence  that  GTX  II  inhibits  sodium  channels  by  interaction  with 
neurotoxin  receptor  site  1  or  a  physically  overlapping  sire.  Binding  of  saxitoxin  at  that 
site  is  competitively  inhibited  by  GTX  U  with  a  Kd  approximately  equal  to  the  Ko.5  for 
block  of  muscle  contraction  and  muscle  sodium  currents  (10-12).  Inhibition  of  saxitoxin 
binding  to  sodium  channels  in  neuronal  membranes  requires  much  higher  concentrations 
of  GTX  II  in  agreement  with  the  lack  of  inhibition  of  sodium  channels  in  neurons  by  this 
toxin.  An  allosteric  mechanism  of  inhibition  is  unlikely  because  both  saxitoxin  and  GTX 
II  inhibit  sodium  channels  via  a  similar  mechanism  with  similar  voltage  dependence 
indicating  that  they  bind  to  the  same  functional  states '  of  sodium  channels.  If  the  two 
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toxins  did  bind  to  separate,  allostericaUy  interacting  sites,  they  would  be  expected  to  bind 
and  act  synergistically. 

The  structure  of  the  polypeptide  toxin  GTX II  (Figure  1)  is  quite  different  from  that 
of  tetrodotoxin  and  saxi toxin  which  are  low  molecular  weight  heterocyclic  guanidines.  It 
is  likely  that  it  occupies  a  larger  binding  surface  than  tetrodotoxin  and  saxitoxin.  The 
|  guanidine  moieties  of  the  muldple  arginine  residues  of  GTX  II  may  allow  it  to  interact 

with  neurotoxin  receptor  site  1  directly  in  addition  to  other  nearby  regions  of  the 
extracellular  surface  of  the  sodium  channel. 

Sodium  channels  in  nerve  and  adult  skeletal  muscle  differ  in  molecular  properties. 
Initial  comparisons  of  the  physiological  and  pharmacological  properties  of  sodium 
channels  in  nerve  and  adult  skeletal  muscle  revealed  many  similarities  and  no  important 
I  differences  (15).  In  contrast,  more  recent  work  has  revealed  striking  pharmacological 

and  molecular  differences.  Crotamine,  a  polypeptide  from  certain  rattlesnake  venoms, 
blocks  muscle  sodium  channels  more  effectively  than  nerve  (16).  Polyclonal  antisera 
against  brain  sodium  channels  crossreact  poorly  with  muscle  channels  (17).  Muscle 
!  sodium  channels  have  a  20%  higher  single  channel  conductance  than  nerve  channels 

(18).  These  results  support  the  view  that  skeletal  muscle  and  neuronal  sodium  channels 
i  are  different  molecular  species.  Our  results  provide  more  definitive  evidence  for  this 

j  conclusion  by  showing  that  GTX  II  differs  sharply  in  its  interaction  with  neurotoxin 

;  receptor  site  1,  a  discrete  functional  region  of  the  nerve  and  muscle  sodium  channels. 

!  While  these  differences  might  result  from  posttranslational  modification,  it  seems  more 

j  likely  that  they  reflect  differences  in  primary  structure  of  the  two  channels.  It  will  be  of 

!  considerable  interest  to  use  GTX  13  to  identify  these  tissue-specific  regions  of  sodium 

;  channel  structure  at  neurotoxin  receptor  site  1.  These  results  have  been  published  in  the 

|  Journal  of  Biological  Chemistry  (46). 

;  3.  Site  of  Action  of  Brevetoxins. 

The  Florida  red  tide  dinoflagellate  Ptvchodiscus  brevis  produces  multiple  nonproteiri 
>  toxins  that  have  been  purified  to  homogeneity  including  PbTx-1  (also  designated  T46, 

j  GB-1,  or  brevetoxin  A,  references  19-21),  PbTx-2  (also  designated  T47,  GB-2,  T34  or 

I  brevetoxin  B,  references  19,  22-23),  and  PbTx-3  (also  design;  ted  GB-3  or  T17, 

references  20, 24).  PbTx-1  (21)  and  PbTx-2  (23)  have  been  determined  by  X-ray 
crystallography  to  be  distinct,  ladderlike  structures  of  10  or  1 1  fused  ether  rings-  PbTx-3 
1  can  be  produced  by  reduction  of  the  aldehyde  moiety  of  PbTx-2  to  a  primary  alcohol. 

1 

Pure  preparations  of  of  PbTx-1  enhance  persistent  activation  of  sodium  channels  in 
mouse  neuroblastoma  cells  at  concentrations  consistent  with  its  toxic  actions  on  fish  and 
'  mice  (25,  26).  PbTx-2  and  -3  each  depolarize  squid  and  crayfish  axons  under  voltage 

|  clamp  by  causing  prolonged  activation  of  sodium  channels  (27).  The  voltage  dependence 

of  channel  activation  is  shifted  35  mV  to  more  negative  membrane  potentials  and 
|  inactivation  is  blocked  (27).  These  results  establish  the  sodium  channel  as  an  important 

receptor  site  for  the  toxic  actions  of  the  pure  brevetoxins. 

1  The  sodium  channel  has  multiple  receptor  sites  for  neurotoxins  (reviewed  in 

1  references  13,  14,  28).  Tetrodotoxin  and  saxitoxin  bind  at  neurotoxin  receptor  site  1  and 

;  inhibit  ion  conductance.  Grayanotoxin  and  the  alkaloids  veratridine,  batrachotoxin,  and 

!  aconitine  bind  to  neurotoxin  receptor  site  2  and  cause  persistent  activation  of  sodium 

1  channels.  Polypeptide  a-scorpion  toxins  and  sea  anemone  toxins  bind  at  neurotoxin 

!  receptor  site  3,  slow  sodium  channel  inactivation,  and  enhance  persistent  activation  of 

|  sodium  channels  by  toxins  acting  at  site  2  via  an  allosteric  mechanisms.  (3-scorpion 

!  toxins  bind  at  neurotoxin  receptor  site  4  and  alter  sodium  channel  activation.  We  have 
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analyzed  the  effects  of  PbTx-2  oh  toxin  binding  at  each  of  these  foot  neurotoxin  receptor 
sites  and  established  that  PbTx-2  enhances  toxin  binding  at  sites  2  and  4  via  an  allosteric 
mechanism. 


Neurotoxin  receptor  site  1.  The  interaction  of  the  sodium  channel  blockers 
tetrodotoxin,  saxi toxin,  and  geographutoxin  n,  a  toxin  from  cone  snails,  with  neurotoxin 
receptor  site  1  on  sodium  channels  in  rat  brain  synaptosomes  can  be  monitored  by 
measurement  of  specific  binding  of  [3H]saxitoxin  (29).  Figure  6  illustrates  the  effect  of 
PbTx-2  on  specific  [3H]saxi  toxin  binding.  No  effect  is  observed  at  conccntradons 
between  1  nM  and  1  pM.  Since  PbTx-2  modifies  sodium  channel  properties  in  squid 
giant  axon  in  this  concentration  range  (27),  the  results  indicate  that  it  has  no  effect  on 
ligand  interaction  with  neurotoxin  receptor  site  1. 

Neurotoxin  receptor  site  2.  The  interaction  of  the  sodium  channel  activators 
batrachotoxin,  veratridine,  aconitine,  and  grayanotoxin  with  neurotoxin  receptor  site  2  on 
sodium  channels  in  rat  brain  synaptosomes  can  be  monitored  by  measurement  of  specific 
binding  of  [3H]BTX-B  (30).  However,  it  can  be  markedly  enhanced  by  LqTx  through 
allosteric  interactions  at  neurotoxin  receptor  site  3  (30).  Figure  7  shows  that  PbTx-2 
increases  specific  binding  of  [3H]BTX-B  19-fold  with  half  maximal  effect  at  20  nM. 
Evidently  PbTx-2,  like  LqTx,  can  enhance  [3H]BTX-B  binding  through  allosteric 
interactions. 

The  effects  of  PbTx-2  and  LqTx  on  {3HJBTX-B  binding  are  synergistic.  Figure  8 
illustrates  the  time  course  of  [3h]BTX-B  binding  in  the  presence  of  saturating 
concentrations  of  PbTx-2  (1  pM)  alone  or  PbTx-2  and  LqTx  (1  pM).  The  time  course 
of  binding  is  similar  approaching  equilibrium  in  60  min  at  36°.  However,  the 
equilibrium  binding  of  [3HJBTX-B  is  increased  3. 1  fold  over  that  observed  with  PbTx 
alone.  Table  1  summarizes  the  levels  of  specifically  bound  [3H]BTX-B  observed  in  the 
absence  of  other  neurotoxins  or  in  the  presence  of  saturating  concentrations  of  PbTx-2, 
LqTx,  or  a  combination  of  the  two  toxins.  The  two  toxins,  when  present  together,  cause 
an  enhancement  of  [3H]BTX-B  binding  that  is  more  than  the  sum  of  the  effects  of  PbTx- 
2  and  LqTx  when  present  separately.  This  synergistic  interaction  suggests  that  PbTx-2 
and  LqTx  can  simultaneously  bind  at  different  receptor  sites  associated  with  sodium 
channels  and  each  enhance  (3H]BTX-B  binding. 

The  effects  of  combinations  of  LqTx  and  PbTx-2  on  Kd  and  Bmax  values  for 
specific  binding  of  [3H]BTX-B  were  studied  by  Scatciiard  analysis  of  the  concentration 
dependence  of  toxin  binding  (Figure  9).  No  significant  changes  in  Bmm  were  observed. 
The  Kd  in  the  presence  of  LqTx  alone  is  1 16  nM  in  reasonable  agreement  with  earlier 
work  (20).  The  Kd  in  the  presence  of  PbTx-2  (270  nM)  is  higher  than  in  the  presence  of 
LqTx  as  expected  from  the  lower  levels  of  binding  observed  at  a  fixed  concentration  (10 
nM)  of  [3h|BTX-B  (Table  1).  In  the  presence  of  both  agents,  the  Kd  for  BTX-B  is 
reduced  to  68  nM.  These  changes  in  Kd  are  consistent  with  the  synergistic  effects  of 
PbTx-2  and  LqTx  on  BTX-B  binding  at  10  nM  (3H]BTX-B  although  a  quantitative 
comparison  is  not  possible  because  the  low  level  of  specific  binding  observed  in  the 
absence  of  LqTx  and  PbTx-2  prevents  an  accurate  measurement  of  Kd. 

Neurotoxin  receptor  site  3.  The  interaction  of  polypeptide  neurotoxins  from  scorpion 
and  sea  anemone  venoms  with  receptor  site  3  on  sodium  channels  can  be  monitored  by 
measurement  of  specific  binding  of  [125r]iLqTx  (29).  In  order  to  test  directly  whether 
PbTx-2  affects  toxin  binding  and  action  at  site  3,  its  effects  on  specific  binding  of 
( 125 1]  i  LqTx  were  studied.  The  results  of  Figure  6  show  that  PbTx-2  has  no  effect  on 
neurotoxin  binding  at  site  3.  Evidently,  its  effects  on  binding  of  [3H]BTX-B  arise  from 
interaction  at  a  different  receptor  site  than  those  of  LqTx. 
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Neurotoxin  receptor  site  4.  The  interaction  of  f)- scorpion  toxins  with  neurotoxin 
receptor  site  4  on  sodium  channels  can  be  studied  by  measurement  of  specific  binding  of 
[125i]CsTx  H  (31).  Figure  10  illustrates  the  effect  of  PbTx-2  on  CsTx  H  binding. 
Specific  binding  is  increased  2.7  fold  with  a  half  maximal  effect  at  approximately  30  nM 
PbTx-2.  This  effect  is  similar  in  magnitude  and  concentration  dependence  to  the 
enhancement  of  [3H]BTX-B  binding  by  PbTx-2  (Figure  7). 

Analysis  of  the  effects  of  PbTx-2  on  Bmn»  and  Kd  for  [125i]CsTx  II  is  illustrated  in 
the  form  of  a  Scare  hard  plot  in  Figure  1 1.  The  Kd  is  decreased  2.5  fold  from  5.2  nM  to 
2.3  nM  without  a  significant  change  in  Bmar.  Thus,  the  effect  of  PbTx  to  enhance  CsTx 
II  binding  results  from  an  effect  on  Kd  with  no  change  in  Bmar.  like  its  effect  on  BTX-B 
binding. 

Voltage  dependence  of  PbTx  action.  The  binding  and  action  of  neurotoxins  at 
receptor  site  3  on  sodium  channels  is  highly  voltage-dependent  (13, 28),  decreasing 
progressively  with  membrane  depolarization.  In  order  to  examine  possible  voltage 
dependence  of  PbTx  action  in  enhancing  specific  binding  of  [3ff)BTX-B,  synaptosomes 
were  incubated  with  [3H]BTX-B  and  a  concentration  of  PbTx-2  (30  nM)  near  its 
apparent  Kd.  in  the  presence  of  varying  concentrations  of  K+  to  alter  the  resting 
membrane  potential.  Figure  12  compares  the  effect  of  increased  external  K+  on  the 
binding  of  125(11  lLqTx  and  on  the  enhancement  of  [3H]BTX-B  binding.  Between  the 
resting  membrane  potential  of  synaptosomes  at  5  mM  K+  (approximately  -55  mV,  (23)), 
and  the  membrane  potential  at  135  mM  K+  (approximately  0  mV.  (23)),  binding  of 
[125qjLqTx  is  reduced  8-fold  (Figure  7).  The  enhancement  of  pHjB'DC-B  binding  by 
PbTx-2  is  also  reduced  by  depolarization  of  synaptosomes  with  elevated  external  K+ 
(Figure  7).  The  dependence  on  K+  concentration  is  less  steep  than  observed  for  binding 
of  [!25rjiLqTx  with  a  4-foid  change  between  5  mM  K+  and  135  mM  K+.  The  binding 
of  (3H]BTX-B  itself  is  not  strongly  affected  across  this  voltage  range.  The  results 
suggest  a  significant  voltage-dependence  of  PbTx-2  binding  and  action. 

Site  of  PbTx  action.  Our  results  provide  clear  evidence  that  PbTx-2  exerts  its  effects 
on  sodium  channels  by  interaction  with  a  new  receptor  site  not  previously  described  in 
direct  radioligand  binding  studies.  We  show  that  PbTx-2  has  no  effect  on  neurotoxin 
binding  at  sites  1  and  3  and  enhances  neurotoxin  binding  at  :>ites  2  and  4.  Thus,  it  must 
act  at  a  new  neurotoxin  receptor  site,  site  5,  associated  with  sodium  channels.  This  new 
receptor  site  has  recently  been  detected  in  direct  binding  studies  using  [3H]PbTx-3 
produced  by  reductive  tritiation  of  PbTx-2  (32).  As  expected  from  the  results  described 
here,  toxins  acting  at  sites  1-4  do  not  block  specific  binding  of  [3H]PbTx-3  providing 
further  evidence  of  action  at  a  new  receptor  site. 

Previous  studies  of  the  actions  of  a  related  sodium-channel-specific  neurotoxin, 
PbTx-1  on  sodium  channels  in  mouse  neuroblastoma  cells  and  rat  brain  synaptosomes 
reached  the  conclusion  that  PbTx-1  must  also  act  at  a  new  sodium  channel  receptor  site 
(25,  26).  This  toxin  enhances  activation  of  sodium  channels  by  veratridine,  aconitine, 
and  batrachotoxin  acting  at  neurotoxin  receptor  site  2  without  inhibition  of  binding  of 
saxitoxin  or  ( 1 25r|  j  LqTx  at  sites  1  and  3,  respectively.  Interactions  at  neurotoxin 
receptor  site  4  have  not  been  studied.  PbTx-2  blocks  specific  binding  of  PbTx-3  to 
neurotoxin  receptor  site  5  on  sodium  channels  consistent  with  the  conclusion  that  it 
shares  this  receptor  site  for  toxin  action  (32).  We  expect  that  PbTx-1  also  shares  this 
receptor  site  although  direct  experimental  evidence  for  this  conclusion  is  not  yet 
available. 
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The  allosteric  modnlation  of  neurotoxin  binding  and  action  at  sites  2  ind  4  by  PbTx-1 
and  PbTx-2  acting  at  site  5  indicate  that  there  are  conformant  inal  interactions  among 
these  three  sites  tnediated  through  the  sodium  channel  structure.  Allosteric  interactions 
between  neurotoxin  receptor  rites  2  and  3  have  been  described  previously  in  terms  of  a 
model  in  which  oeuiotoxin  action  on  sodium  channels  results  Bom  selective  high  affinity 
binding  to  individual  functional  states  of  sodium  channels  (33).  Neurotoxins  acting  at 
receptor  sites  2, 4,  and  5  have  some  similar  effects  on  sodium  channel  function:  each  of 
these  classes  of  toxins  shifts  the  voltage-dependence  of  sodium  channel  activation  to 
more  negative  membrane  potentials  and  toxinj  acting  at  sites  2  and  5  slow  or  block 
sodium  channel  inactivation  (reviewed  in  13, 27, 28).  These  actions  suggest  that  all  three 
of  these  classes  of  neurotoxins  may  act,  at  least  in  part,  by  binding  with  high  affinity  to 
active  states  of  sodium  channels  and  stabilizing  them  according  to  die  Law  of  mass  action, 
as  has  been  previously  shown  for  the  site  2  toxins  (33).  As  the  structure  of  the  sodium 
channel  is  becoming  known  in  some  detail,  we  are  optimistic  that  die  location  and 
structure  of  these  toxin  binding  sites  and  the  pathways  of  interaction  between  them  may 
be  elucidated  in  the  future. 


B.  Production  of  Monoclonal  Antibodies  Against  the  Sodium  Channel 

The  sodium  channel  is  a  highly  conserved  protein  which  has  proven  to  be  a  poor 
antigen  in  the  hands  of  most  investigators.  Thus,  both  polyclonal  and  monoclonal 
antibodies  prepared  against  sodium  channels  from  eel  electnopiax  crossreact  poorly  with 
sodium  channels  in  nerve  and  muscle  (34, 33).  Occasional  monoclonal  antibodies  which 
do  crossreact  generally  have  low  affinity  (36,  but  see  37  for  an  exception).  Polyclonal 
and  monoclonal  antibodies  against  sodium  channels  from  rat  muscle  crossreact  poorly 
with  nerve  (38, 39).  Polyclonal  antisera  against  rat  brain  sodium  channels  do  not 
crossreact  with  rat  muscle  and  actually  crossreact  with  sodium  channels  in  peripheral 
nerve  relatively  poorly  (40).  Antibodies  that  alter  neurotoxin  action  on  sodium  channels 
have  been  observed  in  only  one  case  (37).  These  various  studies  from  several 
laboratories  all  lead  to  the  conclusion  that  antibodies  are  usually  produced  against  unique 
tissue-  and  species-specific  epitopes  on  the  odium  channels  rather  than  conserved 
regions  present  in  all  sodium  channels.  Since  the  functional  elements  of  sodium  channels 
and  the  toxin  receptor  sites  which  modulate  channel  function  are  highly  conserved, 
isolation  of  antibodies  against  these  regions  will  require  screening  of  large  numbers  of 
independent  antibody  isolates  or  use  of  new  experimental  approaches. 

Antibodies  against  detergent-solubilized  sodium  channel.  In  the  fust  year  of  work  on 
this  proposal,  we  established  methods  for  production  and  screening  of  monoclonal 
antibodies  using  both  in  vivo  and  in  vitro  immunization  techniques  and  isolated  the  first 
high  affinity  monoclonal  antibodies  directed  against  sodium  channels  in  mammalian 
neurons.  For  in  vivo  immunization,  mice  were  immunized  with  repeated  doses  of  highly 
purified  sodium  channels  until  a  high  titer  of  anti-sodium  channel  antibodies  was 
produced.  Splenic  lymphocytes  were  then  dissociated  from  excised  tissue  and  fused  with 
clone  SP2-derived  myeloma  cells  using  polyethylene  glycol.  Replicating  hybrid  cells 
were  selected  in  HAT  medium  and  screened  for  secretion  of  anti-sodium  channel 
antibodies  in  a  single  step  using  a  specific  radioimmune  assay  for  sodium  channels  (41). 
This  single-step  screening  procedure  with  highly  purified  sodium  channel  reagents  was 
found  to  be  quite  important  in  accurately  identifying  antibody-secreting  clones  of  interest 
within  a  few  days  after  fusion  and  rapidly  cloning  them.  Using  this  approach,  we  have 
isolated  several  hydndoma  cell  lines  which  secrete  a  high  titer  of  monoclonal  anti¬ 
sodium  channel  antibodies.  Representative  clones  have  been  injected  into  mice  for 
production  of  larger  amounts  of  antibody  in  ascites  fluids.  Immunoprecipitation  of  32 p. 
labeled  sodium  channels  by  ascites  fluids  from  one  of  these  clones  (2E8)  is  illustrated  in 
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Figure  13.  Half-maximal  immunoprecipitation  of  sodium  channels  in  our  radioimmune 
assays  is  produced  by  0.006  pi  of  this  ascites  fluid. 

The  affinity  of  this  mAb  for  sodium  channels  was  estimated  using  a  competition 
binding  assay  in  which  increasing  amounts  of  unlabeled  sodium  channel  were  added  to 
the  immunoprecipi cation  reaction  to  compete  with  32p-iabeled  sodium  channel.  Half- 
maximal  inhibition  of  immunoprecipitation  is  observed  with  6  nM  unlabeled  sodium 
channel  (Figure  14A).  Scatchard  analysis  of  these  data  (Figure  14B)  yields  a  Kd  value 
of  6.4  nM  and  a  binding  site  concntration  in  the  ascites  fluid  of  6.8  pM.  Thus,  this 
mAb  has  high  affinity  and  high  titer  for  detergent  solubilized  rat  brain  sodium  channels. 

Antibodies  against  reconstituted  sodium  channels.  Detergent-solubilized  sodium 
channels  lose  most  of  the  functional  properties  of  native  sodium  channels  (13, 44). 
Reconstitution  of  purified  sodium  channels  from  rat  brain  into  phospholipid  vesicles  of 
appropriate  composition  restores  ail  of  the  functional  properties  that  have  been  studied  to 
date  (13, 44).  Since  the  loss  of  functional  properties  on  detergent  solubilization  might  be 
accompanied  by  changes  in  antigenic  sites  we  have  also  developed  methods  for 
preparation  of  antibodies  against  purified  and  reconstituted  sodium  channels.  Purified 
sodium  channels  were  reconstitute!  in  phosphatidylcholine  vesicles  and  injected 
intraperitoneally  into  mice  using  zn  injection  schedule  similar  to  chat  for  detergent 
solubilized  sodium  channels.  Monoclonal  antibodies  were  isolated  as  described  above 
using  radioimmune  assays  with  both  solubilized  and  reconstituted  sodium  channels  to 
screen  for  producing  clones.  Several  hybridoma  cell  lines  were  isolated  and  those 
producing  high  affinity  antibodies  against  the  sodium  channel  were  selected  for  further 
analysis.  Large  amounts  of  antibody  were  produced  in  ascites  fluids  in  syngeneic  mice. 
Figure  15  illustrates  a  radioimmunoassay  curve  for  one  such  representative  antibody. 
Half  maximal  immunoprecipitation  is  observed  with  0.0001  pi  of  ascites  fluid.  The 
affinity  of  this  monoclonal  antibody  for  sodium  channels  in  synaptosomal  membranes 
was  examined  using  a  pre-adsorption  assay.  Ascites  fluid  was  incubated  with  increasing 
amounts  of  synaptosomes  containing  a  known  concentration  ot  saxitoxin  binding  sites 
and  antibodies  bound  to  sodium  channels  in  synaptosomes  were  removed  by 
centrifugation.  The  remaining  antibodies  in  the  supernatant  were  then  measured  by 
radioimmune  assay  with  purified  sodium  channels.  Data  from  this  kind  of  experiment 
from  Ab  3G  4  are  illustrated  in  Figure  16  and  17.  Synaptosotr  d  sodium  channels 
reduced  the  immunoreactivity  of  the  ascites  fluid  to  50%  of  maximum  at  a  concentration 
of  1.0  nM  consistent  with  a  Kd  value  of  1.1  nM.  Thus,  the  affinity  of  this  mAB  for 
native  sodium  channels  is  high. 

Data  for  several  mAb’s  that  have  been  characterized  to  date  are  collected  in  Table  3. 
The  Kd  values  for  all  the  high  affinity  antibodies  we  have  characterized  are  in  the  range 
of  1  to  20  nM  for  solubilized  and  purified  sodium  channels  and  in  the  range  of  3  to  25 
nM  for  sodium  channels  in  synaptosomes.  Antibody  titers  in  ascites  fluids  range  from  7 
to  70  pM.  These  antibodies  are  therefore  excellent  reagents  for  further  studies  of 
sodium  channels. 


All  monoclonal  antibodies  that  have  been  developed  have  been  tested  for  inhibition 
neurotoxin  binding  at  sites  1  through  3  on  sodium  channels  in  synaptosomes. 
[3{-T[s?xitoxin  at  site  1,  [3H]batrachotoxinin  A  20-a-benzocte  at  site  2.  and  [^'i]- 
labeled  a-scorpion  toxin  at  site  3.  Representative  data  are  illustrated  in  Figure  18. 
Unfortunately,  none  of  the  mAb’s  tested  to  date  has  a  specific  effect  on  neurotoxin 
binding  to  brain  sodium  channels. 


The  immune  response  to  conserved  regions  of  proteins  is  often  suppressed  by  poorly 
understood  mechanisms  in  vivo.  It  has  been  suggested  that  these  suppression  phenomena 


9 


can  be  avoided  if  antigen  is  presented  to  lymphocytes  in  vitro  in  cell  cultures  (42).  Thus, 
in  vitro  immunization  may  provide  an  approach  to  increasing  the  probability  of  isolation 
of  antibodies  against  conserved  functional  regions  of  sodium  channels.  We  have  now 
established  the  in  vitro  immukization  method  in  our  laboratory.  In  several  trials  of 
immunization  of  freshly  dissociated  cultured  lymphocytes  by  this  method  (42),  we  have 
identified  multiple  hybridoma  clones  producing  antibodies  against  the  sodium  channel, 
but  none  of  these  have  proven  to  have  high  affinity  for  the  channel.  These  clones  have 
not  been  characterized  further.  We  intend  to  apply  this  method  more  extensively  in  the 
next  year  using  assay  procedures  designed  to  detect  high  affinity  antibodies  directed 
against  neurotoxin  receptor  sites  soon  after  fusion  to  form  hybtidomas. 


C.  Site-directed  Antibodies  that  Alter  Neurotoxin  Action 

We  have  now  determined  nearly  the  complete  amino  acid  sequence  of  the  a  subunit 
of  the  sodium  channel  from  rat  brain  by  cONA  sequencing  methods  (43)  and  Noda  et  al 
(45)  have  reported  the  complete  sequence  of  two  forms  of  the  a  subunit.  Most  of  the 
functional  sites  of  the  sodium  channel  reside  on  this  subunit  We  have  selected  regions 
of  the  a  subunit  that  are  likely  to  be  components  of  receptor  sites  for  positively  charged 
sodium  channel  neurotoxins  like  saxitoxin  and  scorpion  toxin  by  identifying  regions  of 
concentrated  negative  charge  located  on  the  extracellular  surface  of  the  channel.  The 
corresponding  polypeptides  have  been  synthesized,  covalently  coupled  to  carrier 
proteins,  and  injected  into  rabbits  to  produce  polyclonal  antisera.  One  of  these  antisera 
has  now  been  characterized  in  detail.  The  binding  of  peptide  SP1  to  these  antibodies  is 
illustrated  in  Figures  19  and  20.  32p-labeied  sodium  channels  are  bound  half  maximally 
at  0.2  pi  of  antiserum  (Figure  19).  Saturable  binding  of  (^IJ-labtled  SP1  is  observed 
in  the  range  of  0  to  5  nM  peptide  (Figure  20).  Ana’ysis  of  the  specific  binding  data  by 
Scatchard  plot  yields  a  Ko  of  0.8  nM  for  SP1. 

The  affinity  of  the  antipeptide  antiserum  for  the  purified  sodium  channel  was 
determined  in  a  competition  binding  assay  (Figure  21).  Binding  of  32p.  labeled  sodium 
channels  was  reduced  to  half  of  maximum  by  2  nM  unlabeled  sodium  channel. 

Scatchard  analysis  of  these  data  gives  a  Ko  value  of  1.1  nM  for  purified  sodium 
channels.  Thus,  this  antipeptide  antibody  has  a  similar  affinity  for  the  native  sodium 
channel. 

In  order  to  determine  whether  these  antibodies  bind  to  native  sodium  channels  in 
intact  membranes  and  to  establish  whether  their  binding  site  is  on  the  intracellular  or 
extracellular  face  of  the  membrane,  the  antiserum  was  incubated  with  intact  or  lysed 
synaptosomes,  bound  antibodies  were  removed  by  sedimentation,  and  the  remaining 
unbound  antibodies  in  the  supernatant  were  quantitated  by  radioimmune  assay  These 
binding  data  are  illustrated  as  a  Scatchard  plot  in  Figure  22.  Antibody  against  SP1  binds 
to  sodium  channels  in  synaptosomes  with  a  Kd  of  13.2  nM.  Thus,  the  affinity  for  the 
native  sodium  channel  in  intact  synaptosomal  membranes  is  10-fold  lower  than  for 
purified  sodium  channels  or  SP1  peptide.  Evidendy,  this  antigenic  site  is  accessible  in 
the  native  sodium  channel  but  antibody  access  is  hindered  relative  to  solubilized 
preparations. 

Figure  23  compares  the  binding  of  antibodies  against  peptide  SP1  to  sodium  channels 
in  intact  and  lysed  synaptosomes.  Lysis  reduces  scorpion  toxin  binding  by  depolarization 
but  has  no  effect  on  saxitoxin  binding.  However,  both  intact  and  lysed  synaptosomes 
bind  to  an  epitope  that  is  equally  available  in  intact  and  lysed  synaptosomes.  This 
epitope  is  therefore  present  on  the  extracellular  surface  of  the  native  sodium  channel. 

This  represents  the  first  negatively  charged  site  identified  on  the  extracellular  surface  of 


the  channel  and  it  is  therefore  a  prime  candidate  for  a  neurotoxin  receptor  site.  These 
antibodies  do  net  affect  (3H]saxi  toxin  binding  to  sodium  channels  indicating  that  this 
epitope  does  not  form  part  of  neurotoxin  receptor  site  1.  Similarly,  they  have  no  effect 
on  neurotoxin  binding  and  action  at  neurotoxin  receptor  sites  2  and  3. 

We  have  now  synthesized  12  more  sodium  channel  peptides,  purified  and 
characterized  them,  coupled  them  to  bovine  serum  albumin,  and  raised  polyclonal 
antisera  in  multiple  rabbits.  These  antibodies  are  now  under  intense  study.  All  of  them 
have  affinity  for  the  peptide  against  which  they  were  raised.  However,  only  4  of  these  12 
antisera  have  measurable  affinity  for  native  sodium  channels  (Table  4).  The  remainder  of 
these  antibodies  must  be  against  regions  of  the  sodium  channel  that  are  inaccessible  in 
the  native  protein  or  are  constrained  in  secondary  structures  that  are  not  recognized  by 
our  antibodies.  While  the  antibodies  that  do  not  interact  with  the  native  sodium  channel 
will  not  be  useful  as  agents  to  block  neurotoxin  action,  we  expect  that  they  will  jt 
valuable  reagents  in  mapping  neurotoxin  binding  sites  in  defined  regions  of  the  channel 
structure. 
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TABLE  I 


Synergistic  Effects  of  PbTx-  2  and  LqTx  on  BTX-B  Binding  to 
Sodium  Channels 


Condition 

Specifically  Bound 
[JH]BTX-B  (fmol) 

Control 

3.0 

1.0  (iM  PbTx-2 

9.6 

l.QjiMLqTx 

19.7 

1.0  fiM  PbTx-2  + 

1.0  jiM  LqTx 

35.3 
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TABLE  n 


Neurotoxin  Receptor  Sites  Associated  with  the  Sodium  Channel 


Receptor  Ligands  Physiological 

Site41  Effects 


1 


2 


3 

4 


Tetrodotoxin 

Saxitoxin 

Geographutoxin  II  and  other 
jl-conotoxinst 

Veratridine 
Batrachotoxin 
Aconitine  j 
Grayanotoxin 

| 

a-Scorpion  toxin 
Sea  anemone  toxin 

1 

P- Scorpion  toxins 


Inhibit  ion  conductance 

Persistent  activation 

Inhibit  inactivation 
Shift  activation 


5 


Brevetoxiris 

I 


Shift  activation 
Inhibit  inactivation 


*  The  sodium  channel  also  has  additional  receptor  sites  for  local  anesthetics,  certain 
anticonvulsants,  pyrethroid  insecticides,  and  coral  toxins.  However,  since  these  receptor  sites 
have  not  been  directly  identified  in  ligand  binding  studies,  they  are  not  listed  here. 

t  Shown  to  act  at  neurotoxin  receptor  site  I  in  references  26-28. 


Representative  Data  on  Monoclonal  Antibodies  against  Rat  Brain  Na  Channels 
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Legends  for  Figures 

Figure  1.  Amino  acid  sequence  of  GTX IL 

Figure  2.  Effects  of  GTX  II  on  contractile  responses  of  the  isolated  rat  and  rabbit 
diaphragm  to  direct  electrical  stimulation  (0.1  Hz,  5  msec,  supramaximal  voltage).  The 
twitch  responses  of  rat  ( Q  )  and  rabbit  ( #  )  diaphragms  were  measured  30  min  after 
exposure  to  different  concentrations  of  GTX  II.  Each  point  on  the  graph  represents  the 
mean  of  5  experiments.  Vertical  bars  indicate  standard  error  of  the  mean. 

Figure  3.  Effects  of  GTX  II  on  flfflsaxi  toxin  (STX)  binding  to  rat  skeletal  muscle 
homogenates  and  T-tubular  membranes  of  rabbit  skeletal  muscles.  Muscle  homogenates 
(  Q  )  or  T-tubular  membranes  HJ  were  incubated  with  5  nM  [3H]STX  and  the 
indicated  concentrations  of  GTX  II  for  30  min  at  36°C  and  bound  STX  was  measured 
using  the  rapid  membrane  filtration  assay.  Nonspecific  binding  in  the  presence  of  2  pM 
tetrodotoxin  has  been  subtracted  from  the  results. 

Figure  4.  Binding  of  flHlsaxitoxin  (STX)  to  T-tubular  membranes  of  rabbit  skeletal 
muscles  in  the  presence  or  absence  of  GTX  II.  T-tubular  membranes  were  incubated 
with  increasing  concentrations  of  [3H]STX  from  0.4  to  40  nM  for  30  min  at  36°C  and 
bound  STX  was  measured  using  the  rapid  membrane  filtration  assay.  Nonspecific 
binding  in  the  presence  of  2  pM  tetrodotoxin  has  been  subtracted  from  the  results.  In  (a), 
[3H]STX  binding  was  measured  in  the  presence  (  #  )  or  absence  (  Q )  of  0.5  nM  GTX 
II  and  are  plotted.  In  (b),  [3h]STX  binding  in  the  presence  (  9 )  or  absence  (  Q)  of 
GTX  II  is  presented  as  a  Scatchard  plot. 

Figures.  Effects  of  ^  "V II  on  f^Hlsaxitoxin  (STX)  binding  to  rat  brain  svnaptosomes 
and  ganglion  membra...  .  Brain  svnaDtosomes  (  Q  )  and  ganglion  membranes  (Sj 
were  incubated  with  2  nM  [3H]STX  and  the  indicated  concentrations  of  GTX  II  for  30 
min  at  36°C  and  bound  STX  was  measured  using  the  rapid  membrane  filtration  assay. 
Nonspecific  binding  in  the  presence  of  2  pM  tetrodotoxin  has  been  subtracted  from  the 
results. 

Figure  6.  Effect  of  PbTx-2  on  specific  binding  of  [3H1STX  and  fl25niLqTx  to 
svnaptosomes.  Specific  binding  of  3  nM  f3H]STX  ( #  )  or  0.1  nM  [1^L51]  jLqTx  (  O ) 
to  synaptosomes  was  measured  as  described  under  Experimental  Procedures  in  the 
presence  of  the  indicated  concentrations  of  PbTx-2. 

Figure  7.  Enhancement  of  specific  binding  of  fSHIBTX-B  to  svnaptosomes  bv  PbTx-2. 
Specific  binding  of  10  nM  [3k]BTX-B  to  synaptosomes  was  measured  as  described 
under  Experimental  Procedures  in  the  presence  of  the  indicated  concentrations  of  PbTx- 
2. 


Figure  8.  Time  course  of  specific  binding  of  flHIBTX  in  the  presence  of  PbTx-2  or 
PbTx-2  and  LoTx.  Specific  binding  of  10  nM  [3H]BTX-B  to  synaptosomes  was 
measured  in  the  presence  of  1  pM  PbTx-2  (_•_)  or  1  pM  PbTx-2  plus  1  pM  LqTx  (  O  ) 
after  incubation  for  the  indicated  time  at  370Cas  described  under  Experimental 
Procedures. 

Figure  9.  Scatchard  analysis  of  specific  binding  of  flHIBTX-B  in  the  presence  of  LoTx 
and  PbTx,  Specific  binding  of  10  nM  to  1.0  oM  [^H]BTX-B  to  synaptosomes  was 
measured  in  the  presence  of  1  pM  PbTx-2  (  Q  ),  1  pM  LqTx  (A),  or  1  pM  PbTx-2  plus 
1  pM  LqTx  (A  was  measured  as  described  under  Experimental  Procedures.  Ordinate: 
fmol/nM. 
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Figure  10l  Enhancement  of  specific  binding  of  0.25  nM  [12^I]CsTxEto  synaptosomes 
was  measured  in  the  presence  of  the  indicated  concentrations  of  PbTx-2  as  described 
under  Experimental  Procedures. 

Figure  11.  Scatchard  analysis  of  specific  binding  of  fl2SHCsTx  n  to  svnaptosomes  in  the 
presence  of  PbTx-2.  Specific  binding  of  0.25  nM  to  8.0  nM  [125l}QTx  II  to 
synaptosomes  was  measured  in  the  absence  ( Q  )  or  presence  ( # )  of  1  (xM  PbTx-2  as 
described  in  Experimental  Procedures.  Ordinate:  fmol/nM. 

Figure  12.  Voltage  dependence  of  enhancement  of  r2fflBTX-B  binding  bv  PbTx-2. 
Specific  binding  of  10  nM  [3H]BTX-B  to  synaptosomes  was  measured  in  the  presence  of 
30  nM  PbTx-2  and  the  indicated  concentrations  of  K+  as  described  under  Experimental 
Procedures  ( Q ).  KG  was  exchanged  for  an  equal  concentration  of  choline  chloride  in 
standard  binding  medium.  Binding  of  [3H]BTX-B  in  the  absence  of  PbTx-2  was 
subtracted  from  the  data.  For  comparison,  specific  binding  of  0.2  nM  [1251]  lLqTx  to 
synaptosomes  was  measured  under  the  same  conditions  as  described  under  Experimental 
Procedures  eft* 

Figure  13.Radioimmunc  assay  of  mAb  2E8  against  detergent-solubilized  sodium 
channels.  The  indicated  volumes  of  ascites  fluid  by  hybridoma  2E8  were  incubated!  with 
0.1  nM  32p-iabeled  sodium  channels  and  antibody-bound  sodium  channels  were: 
precipitated  by  adsorb tion  to  protein  A-Sepharose. 

Figure  14.  Scatchard  analysis  of  binding  of  mAb  2E8.  A.  A  fixed  concentration  of  mAb 
2E8  was  incubated  with  0. 1  nM  32p.iabeied  sodium  channels  and  the  indicated 
concentrations  of  unlabeled  sodium  channels.  Antibody-bound,  32p.{abeled  sodium 
channels  were  precipitated  by  adsorb  tion  to  protein  A-Sepharose.  B.  The  data  of  panel  A 
were  analyzed  according  to  Scatchard.  The  best  fit  regression  line  is  drawn  for  a  Kd  of 
6.4  nM  and  Bmax  of  6.8  (iM. 

Figure  15.  Radiolmnwnc  assay  af  mAb  3G4  against  rsconstitutgd-SgfoHn  channels.  The 
indicated  volumes  of  ascites  fluid  produced  by  hybridoma  3G4  were  incubated  with  0.1 
nM  32p-iabeled  sodium  channels  and  antibody-bound  sodium  charnels  were  precipitated 
by  adsorption  to  protein  A-Sepharose. 

Figure  16.  Affinity  of  mAb  3Q4  for  sodium  channels  in  synaptosomes,  a  fixed 
concentration  of  mAb  3G4  was  incubated  with  increasing  concentrations  of 
synaptosomal  sodium  channels.  Synaptosomes  and  bound  mAb’s  were  removed  from 
the  sample  by  centrifugation  in  an  airfuge.  mAb’s  remaining  in  the  supernatant  were 
then  assayed  by  radioimmune  assay:  the  supernatants  were  incubated  with  0.1  nM  32p. 
labeled  sodium  channels  and  antibody-bound  sodium  channels  were  precipitated  by 
adsorb  tion  to  protein  A-Sepharose. 

Figure  17.  Scatchard  analysis  of  mAb  3G4  binding.  The  data  in  Figure  16  are  plotted  as 
a  Scatchard  plot  The  regression  line  corresponds  to  Kd  =  1.1  nM  and  Bmax  =  1 1  |xM. 

Figure  18.  Effect  of  mAb’s  on  binding  of  saxitoxin  and  scorpion  toxin.  A.  Saxitoxin 
binding  to  sodium  channels  in  synaptosomes  was  measured  as  previously  described  (29) 
in  the  presence  of  the  indicated  amounts  of  mAb’s  or  control  preinunune  serum.  B. 
Binding  of  the  a-scorpion  toxin  from  Leiurus  quinouestriatus  to  sodium  channels  in 
synaptosomes  was  measured  as  previously  described  (29)  in  the  presence  of  the  indicated 
amounts  of  mAb’s  or  control  preimmune  serum. 
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Figure  19.Radioimmune  assay  of  antibody  against  peptide  SP1.  The  indicated  volumes 
of  antiserum  1312  were  incubated  with  0.1  nM^P-labeied  sodium  channels  and  the 
antibody-bound  channels  were  precipitated  by  adsorotion  to  protein  A-Sepharose. 

Figure  20.  Binding  of  SP1  to  antibody  1312.  A.  125l-labeled  SP1  was  incubated  at  the 
indicated  concentration  (0-5  nM)  with  antiserum  1312  and  the  antibody-bound  peptide 
was  precipitated  by  adsorbtion  *o  protein  A-Sepharose.  B.  The  data  of  panel  A  are 
present  as  a  Scatchard  plot  The  regression  line  gives  a  Kd  of  0.8  nM. 

Figure  21.  Scatchard  analysis  of  binding  of  sodium  channels  bv  antibody  against  SP1. 
The  experiment  was  carried  out  as  described  in  the  legend  to  Figure  16.  The  regression 
line  gives  a  Kd  of  1.1  nM. 

Figure  22.  Binding  of  antibody  against  SP1  to  sodium  channels  in  synaptosomes.  The 
experiment  was  performed  as  described  in  the  legend  to  Figure  17.  The  regression  line 
gives  a  Kd  of  13.2  nM. 

Figure  23.  Effect  of  lvsls  with  saponin  on  binding  of  antibody  against  SP1  to  sodium 
channels  in  svnaptosomes.  Synaptosomes  were  prepared  as  described  previously  (29). 
Part  of  the  preparation  was  lysed  by  treatment  with  0.2%  saponin.  Specific  binding  of 
[3H]saxitoxin  and  125  [-labeled  scorpion  toxin  was  measured  for  intact  and  lysed 
synaptosomes  as  described  previously  (29).  The  IgG  fraction  of  antiserum  1312  was 
labeled  with  1251  by  the  chloramine  T  method.  The  labeled  antibodies  were  incubated 
with  synaptosomes  for  16  hr  at  40  and  synaptosomes  with  bound  antibodies  were  isolated 
by  sedimentation  in  a  microfuge  and  washing. 
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